Growing reliance on food-based biofuels has created considerable controversy about their impact on food prices and the environment and led to scepticism about their sustainability. This review describes the concept of sustainability in the context of biofuels and then discusses the factors affecting the economic viability of current and next-generation biofuels and their environmental and social sustainability. Cellulosic biofuels from dedicated energy crops offer considerable promise for reducing the competition for land and avoiding many of the negative environmental impacts associated with corn-ethanol. But the production of any type of biofuel is likely to involve trade-offs among the multi-dimensional aspects of sustainability. Technological innovation and policy incentives are needed to develop more sustainable biofuels and to guide the mix of feedstocks, their methods and locations of production.
Introduction
Renewable energy from agricultural feedstocks has been embraced as a panacea for reducing dependence on foreign oil, enhancing energy security, lowering fuel prices, supporting rural economic development and mitigating greenhouse gas emissions (GHGs) associated with fossil fuels. However, the reliance on food-based biofuels has created considerable controversy about its impact on food prices. Biofuels compete with the two other predominant uses of land: food production and environmental preservation. The share of maize being used for ethanol production in the USA increased from 10 to 28% between 2004/2005 and 2007/2008, while acreage under maize increased by 15% [1] . Over the same period, food prices soared, inducing riots and protests in developing countries 1 and raising concerns about the viability of diverting land to biofuel production. The increased demand for land for biofuel crops may also increase deforestation and loss of biodiversity-rich ecosystems. Recent studies have also prompted scepticism about the extent to which biofuels can mitigate GHGs [2, 3] and the impacts of expanding maize-based biofuel production on water quality [4, 5] .
All biofuels are not created equal. Biofuels from cellulosic feedstocks such as crop and forestry residues, perennial grasses and short-rotation woody crops have the potential to be less energy-and carbon-intensive, divert less land from food production and minimal adverse impacts on water quality compared to food-based biofuels. Among energy crops, switchgrass (Panicum virgatum) and miscanthus (MiscanthusÂgiganteus), a sterile hybrid genotype, have been identified as promising perennial grasses in the USA owing to their relatively high yields, low input requirements and long lives of 10 and 20 years, respectively [6, 7] . While cellulosic biofuels are promising, commercially viable technology for producing them is yet to be developed. Moreover, the production of cellulosic feedstocks is not devoid of concerns. The collection of maize stover for biofuel production may negatively affect soil quality and increase erosion. Monocultures of perennial grasses can impact wildlife habitat and biodiversity [8] . Thus, the realization of environmental benefits from biofuels depends on innovation and appropriate policies that can guide the choice of feedstocks, the locations of their production and the technology for producing biofuels.
This review describes the concept of sustainability in the context of biofuels and then discusses the factors affecting the economic viability of current and next-generation biofuels and their environmental and social sustainability. It concludes with a discussion of the technological innovations and policy incentives needed to make biofuels a more sustainable alternative to gasoline.
Sustainability in the Context of Biofuels
The seminal Bruntland Report on sustainability defines sustainable development as 'development that meets the needs of the present without compromising the ability of future generations to meet their own needs'. It emphasizes strategies that promote economic and social development to meet human needs in ways that avoid environmental degradation, overexploitation or pollution. 2 Other definitions of sustainability, in the Rio Declaration, the Convention on Biological Diversity and the Framework Convention on Climate Change, promote global responsibility to conserve the ecosystems, protect biodiversity, stabilize GHGs and support economic development in a sustainable manner [9] . They enunciate the current generation's responsibilities to the future generations that include enhancing economic conditions, improving social well being and preserving the quality and quantity of environmental and natural resources. Holdren [10] refers to these as the three interdependent and individually indispensable pillars for human well-being. Sustainability is multidimensional (for example, environmental quality includes local impacts on biodiversity and water quality and global impacts on GHGs) and affects multiple socio-economic groups (such as producers, consumers and government).
Major utilitarian frameworks define and identify sustainable choices as those that maximize per capita utility subject to an ethical constraint that per capita utility does not decline over time. Maximization of per capita utility may face objections if it requires a reallocation of resources from the (inefficient) poor towards the (efficient) rich. The view that sustainable development involves poverty alleviation may lead to a 'maximin' strategy: maximizing the well-being of the most disadvantaged individual in society instead of that of the average person [11] . One approach to apply the utilitarian framework is by specifying the utility or benefits of market and nonmarket goods (see examples in [12, 13] ), assuming that the benefits of non-market goods can be expressed in monetary terms. For non-market goods, where this may be difficult to do, Baumol and Oates [14] propose an alternative 'standards and pricing' approach. Here, benefits are defined only over market goods and maximized subject to thresholds or standards, defined in physical terms, for those non-market goods. Under either approaches, additional sustainability concerns can be included by imposing various social, environmental and resource constraints, which are relevant in a particular context (see example in [15] ).
Both technological change and policy incentives are needed to achieve sustainable development. Heal [15] shows that positive consumption levels can be sustained over time even with an exhaustible resource, provided there is scope for substitution of man-made capital for the natural resource and/or if there is technological change. Moreover, the view that individuals pursue their self interest and tend to 'free ride' when property rights are ill-defined (as in the case of environmental resources) implies that policy intervention is critical to induce socially optimal choices. Ramirez et al. [12] present a framework to design incentives to induce adoption of efficiencyenhancing technologies and to internalize externalities to achieve sustainable development.
The utilitarian framework can be applied to derive sustainable outcomes in the context of biofuels, and in particular to identify which biofuels to produce and to what extent by assuming that utility is derived from the consumption of food, fuel (fossil fuel and biofuel) and other private goods and is maximized subject to land availability and various sustainability constraints. The latter include: desired levels of greenhouse gas mitigation, thresholds for water quality, limits on deforestation and goals for energy security, food security and poverty reduction. With both food and fuel being essential goods, one of the strategies for sustaining utility with exhaustible and polluting fossil fuels is to develop renewable and cleaner substitutes. Biofuels would be considered a sustainable substitute if they can compete with fossil fuels in a free market setting at prices that internalize all environmental costs of production, prevent irreversible damages to the environment and allow food and other goods and services to be available such that overall utility is nondecreasing over time.
A problem with the above definition of sustainable biofuels is that different types of biofuels meet these criteria to varying extents and no single biofuel meets all of them. The production of any type of biofuel is likely to involve trade-offs among these multi-dimensional aspects of sustainability. In the case of irreversible changes, such as deforestation of the Amazonian forest, concerns about sustainability may set limits on the possible expansion of cropland. However, these limits could worsen the impact of biofuel production on food prices. Certain types of biofuels may reduce GHG emissions but worsen water quality, owing to run-off of the additional nitrogen fertilizer required to produce the feedstock. The distribution of benefits from food and fuel (in the presence of biofuels) may also differ across consumers, producers and the government; for example, well-being of farmers might improve at the expense of consumers. We now discuss considerations that affect sustainability of biofuels and potential tradeoffs among the different dimensions of sustainability.
Economic Sustainability of Biofuels
The economic sustainability of biofuels depends on the market price they command and the costs of producing them. The long-run competitive market price of ethanol will be equal to the price of energy-equivalent gasoline, if gasoline and biofuels are perfectly substitutable [16, 17] . With government intervention, the market price of biofuels is also influenced by existing policies that require its use as an additive to increase the oxygen content of gasoline, by tax credits, tariffs and mandates. The breakeven price of maize that competitive ethanol refineries can afford to pay [18] needs to cover their costs of production and earn normal profits in order to continue production and in turn allow farmers to earn a normal rate of return on their land. The cost of maize makes up 70% of the cost of ethanol [16] . The introduction of biofuels has led to increasing interdependence between the maize and the crude oil markets. Rising oil prices contribute to higher maize prices, not simply because of increased production cost but also because of the increased demand and thus the breakeven price of maize for ethanol.
Long-run sustainability of the maize ethanol industry also depends on its ability to deal with volatility in both gasoline and maize prices. Good and Irwin find that maize production shortfalls have been as large as 30% in the last half-century [19] . With inelastic demand and grain stockpiles at lows not seen since Second World War, the price of maize and thus the profitability of biofuel production is extremely volatile. 3 As discussed by Hochman et al. [20] , variability in the price of maize could lead to cycles of boom and bust for the biofuel industry with the impact of supply shocks being exacerbated when inventories are low. Recognition of this uncertainty is important in determining the socially optimal size of the industry; otherwise, its capacity may exceed the socially optimal size during booms and require costly corrections in times of bust.
A commercially viable technology to produce cellulosic biofuels is yet to be developed. The costs of conversion to fuel are expected to be a large part of the costs of producing cellulosic ethanol but costs of the feedstock, especially dedicated energy crops, such as perennial grasses, can be significant too, particularly if grown on productive cropland [21] . Energy crops need to provide farmers a return that is at least as high as the return to land planted with conventional crops. Hence, as the price of crude oil increases and the profitability of maize increases, the costs of growing dedicated energy crops on maize acreage will also increase. The costs of cellulosic ethanol are estimated to be considerably higher than those for maize grain ethanol in the USA and are found to differ considerably across feedstocks depending on their yields and lifetimes and across locations for the same feedstock depending on climate and soil moisture [22] .
The economic viability of the domestic biofuel industry also depends on whether there is free trade in biofuels. With free trade, maize and cellulosic ethanol production in the USA would need to compete with sugarcane ethanol from Brazil, which is less costly and less carbonand energy-intensive than maize ethanol. Brazil also has considerable capacity to expand production of biofuels. Sustainability concerns are likely to dictate free trade in biofuels [23] and Lasco and Khanna [24] show that it increases welfare relative to the current biofuel tariff policy, but this will hurt domestic maize-ethanol producers.
The ability of the market to sustain expansion of biofuel production depends not only on supply-side considerations but also on continuing demand for ethanol and the availability of infrastructure to deliver the ethanol produced to the blenders. With current gasoline consumption at about 140 billion gallons for vehicle use and most vehicles constrained to use a 10% blend of ethanol, demand is limited to about 14 billion gallons. The recent Ethanol Industry Outlook projects that the USA will soon have the capacity to produce 13 billion gallons per year [25] . Currently, only 2.7% of the 222 million light duty vehicles on US roadways are flexible-fuel vehicles that can utilize ethanol-blended gasoline up to 85% ethanol and 15% gasoline (E85). 4 Rapid development and diffusion of flex-fuel vehicles could help demand for ethanol grow and stave off an 'ethanol blend wall' that could otherwise constrain the industry.
Social Sustainability: Distributional Effects of Biofuels
The social sustainability of biofuel depends on the distribution of biofuel costs and benefits across countries, income groups, and rural and urban areas. Biofuel production creates new demands for agriculture and can be an instrument for rural economic development. As the price of oil increases, economic theory suggests that more land will be allocated to biofuel production and this will raise the price of food crops [26] . Rising crop prices may contribute to improving welfare on the farm. Farm income in the USA is expected to reach a record $92.3 billion in 2008, up 4.1% from the record setting $88.7 billion in 2007 and up 51% from its 10-year average. Average farm household income is forecast at $89 434, nearly 20% above the five-year average from 2001 to 2006 [27] . Higher commodity prices may, however, be capitalized into land rents and the price of other inputs (from machinery to chemicals), and thereby reduce the benefit to farmers. Furthermore, benefits will not be uniformly distributed among farmers. Whereas row-crop producers will benefit from higher commodity prices, livestock farmers are expected to suffer from the rising costs of feed: a major input in livestock production. Gardner [28] shows that the benefits of biofuel policies in the USA have accrued largely to ethanol refinery owners, while van Wey [29] indicates that 20% of the ethanol subsidies in the USA are captured by large corporations and have not benefited farmers. However, the grain-based biofuel industry is likely to experience cycles of boom and bust because of volatile food prices and it may become unprofitable to operate some bio-refineries amid negative supply shocks [30] . Well-capitalized agribusinesses operating in well-functioning capital markets with access to credit, insurance and futures markets will be able to take advantage of biofuel subsidies, protectionist trade policies and high fuel prices.
Consumers are expected to face adverse impacts owing to higher food prices but benefit as a result to somewhat lower fuel prices and lower consumer good prices (due to lower energy costs), than otherwise, while taxpayers will subsidize the lower fuel prices. Analysis by Sexton et al. [31] shows that the US biofuel production in 2006 reduced gasoline prices between 1 and 3%, producing as much as $47 billion in benefits to world gasoline consumers. It induced higher food prices, costing world consumers of maize, soybean and sugar as much as $20 billion. Under their most optimistic assumptions on supply and demand elasticities, the benefits to gasoline consumers exceed the costs to food consumers by $38 billion. Under their most pessimistic assumptions, the costs to food consumers exceed gains to gasoline consumers by $5 billion. Given that income shares devoted to energy purchases are positively correlated with income and income shares devoted to food purchases are negatively correlated with income, biofuel policies promoting the production of food-based biofuels can be viewed as benefiting the rich to the detriment of the poor.
There are several studies examining the effects of biofuel production on crop prices; these studies differ considerably in their estimates of the extent to which biofuel production led to the increase in crop prices in 2007-2008 [32] . The President's Council of Economic Advisors estimates maize ethanol is responsible for only 3% of the 43% increase in world food prices from March 2007 to March 2008 [20] . An unpublished World Bank report [21] , however, attributes 70% of the 140% increase in food prices from January 2002 to February 2008 to biofuels, while the IMF attributes almost half of the recent increases in the global food prices to biofuels. 5 Rosegrant [33] estimates that biofuel demand contributed to 39% of the increase in maize prices between 2000 and 2007. The effects of expanded biofuel production on food prices are difficult to isolate because they have been accompanied by a draw-down in crop inventories, increasing demand from a growing world population, changes in the value of the American dollar, changes in costs of inputs (including gasoline and energy-intensive chemical fertilizers) and a new linkage between energy and agricultural markets. While energy and crop prices have fallen compared with those in early 2008 due to the world financial crisis, the link between energy prices and crop prices remains strong [34] .
The effects of higher food prices vary across countries and population groups. Countries that are food exporters will benefit from higher prices, while those that are food importers will be adversely affected. The population groups negatively affected by higher food prices include the landless and poor urban households that stand to gain little from the expansion of agriculture and are net buyers of food, spending 50-60% of their overall budget on food [18] . On the whole, however, higher food prices over the period 2005-2007 are estimated to have increased poverty in developing countries [19] .
The economic development benefits of biofuel are premised on the ability of developing countries to produce bioenergy crops and, therefore, transition away from subsistence farming. Eighty developing countries, for instance, grow and process sugarcane, the most efficient feedstock used today in ethanol production. Developing countries could also grow other energy crops and use crop residues for biofuel production. Some biofuel crops, such as jatropha, can be grown on marginal, degraded land not suitable for food production and in drought conditions. Biofuel production is as labour-intensive as the rest of the agricultural sector in developing countries and can create rural jobs and income when there is abundant labour; ethanol production is estimated to have directly and indirectly created 1.3 million jobs since Brazil in 1997 that included small farmers, unskilled and migrant workers [35] . However, the ethanol industry in Brazil has also been characterized by low wages and poor working conditions. Moreover, trends towards the use of mechanized harvesters to replace manual harvesting could reduce the employment benefits of sugarcane production for landless rural workers [29] .
Volatility in crop prices is also likely to have differential effects on large and small farmers in developing countries. For example, during periods of boom, larger farmers in Brazil are more likely to be able to take advantage of high levels of demand for biofuels and expand land under production, change technology and inputs and manage risk in a way that is not possible for under-capitalized small farmers. Later adopters are more likely to be small farmers who take longer to expand production, access information and change methods of production; thus experience smaller gains in profits than the early adopters. The boom therefore has the potential to exacerbate existing in-equalities between large producers and small producers [29] . Small-scale production of biofuels (for electricity, heat and biodiesel) may have the potential to avoid some of these negative distributional effects while providing local energy security. Some examples of smallscale bioenergy production that is socially and environmentally sustainable can be found in Europe [29] .
Environmental Sustainability of Biofuels
A key motivation for policies that promote biofuels is the potential of biofuels to mitigate climate change from transportation fuels. Existing studies estimating the life cycle (well to wheel), GHG emissions associated with ethanol show that the extent to which it reduces emissions relative to gasoline depends upon the method of production and feedstock source and varies from negligible in coal-fired maize ethanol refineries to 52% in biomass-fired refineries [36] . These estimates do not consider the effects that diversion of existing cropland to energy production in the USA have on raising world food prices and creating incentives for conversion of natural lands to cropland in other countries. These indirect land use changes could lead to emissions of accumulated carbon in trees and soils that more than offset the reduction in emissions obtained by displacement of gasoline by biofuels. Fargione et al. [37] find that producing biofuels using food-based crops grown by converting rainforests, peatlands, savannas, or grasslands to cropland creates a 'biofuel carbon debt' by releasing 17-420 times more GHG emissions than the annual savings in these emissions that these biofuels would provide by displacing fossil fuels. Assessing these indirect land use effects is extremely difficult because they require modelling the responsiveness of acreage changes to price changes, estimating the carbon stocks in existing land uses and the loss in carbon likely if those lands are converted to cropland. Methodologies for quantifying the changes in indirect land use that are attributable to biofuel production are still in early stages of development.
Searchinger et al. [2] estimate that production of 15 billion gallons of maize ethanol in 2016 would divert maize from 12.8 million hectares of the US cropland and bring in 10.8 million hectares of additional land into cultivation across countries such as Brazil, China and India. As a result of these land use changes, they estimate that direct and indirect GHG emissions from maize ethanol would be nearly double than those from gasoline. Thompson et al. [38] , however, argue that these effects depend on very uncertain parameters that govern the responsiveness of changes in land use to prices and responsiveness of ethanol consumption and production in US and Brazil to prices; they show conditions under which much of the increase in land under maize and sugar in Brazil could be met by a reduction in land under other crops rather than due to deforestation. Others contend that Searchinger et al. [2] underestimate yields per acre of food in developing countries, the potential to raise those yields over time, the availability of high-yielding cellulosic feedstocks in the USA, and the extent of unused or underutilized cropland available globally, while overestimating the acreage elasticity of crop production [39, 40] .
In addition to questions about the carbon debt that may be created by expanding maize production for ethanol, there are also concerns about negative environmental impacts of more intensive cultivation of existing cropland and a switch to continuous maize rotations in response to the demand for biofuels. These include increased soil erosion, greater nitrate and phosphorus loss, a decline in biodiversity and biodiversity-based services such as pest suppression and wildlife preservation [5, 8] . Increasing demand for biofuels has also prompted concern about potential diversion of irrigated land to biofuel crop production exacerbating competition for water resources. Constraints on ground water availability in many locations will limit the extent to which irrigated crop production can be used to expand biofuel production. In tropical countries, there are concern about the use of palm oil in Indonesia and Malaysia for biodiesel production leading to the clearing of large tracts of rainforests, draining and burning of peatland, overuse of chemicals and release of large amounts of GHG emissions [9] . 6 In contrast to grain-based ethanol, cellulosic biofuels from perennial grasses have the potential to produce more biofuel per acre of land and thus have smaller indirect land use effects. For example, with the current variety of miscanthus it could be feasible to produce almost twice as many gallons of ethanol per acre of land as with maize ethanol [22] . Cellulosic biofuels are also expected to have a significantly more favourable energy balance than maize-ethanol, reducing the need for fossil fuel energy for their production [41] . They are expected to reduce emissions by 90% or more (particularly if soil carbon sequestration is included) (see [22, 42] ). They can also be grown on rainfed marginal lands where maize yields are low and have the potential to reduce soil erosion and chemical run-off owing to their low chemical input requirements, root structure and perenniality that reduces needs for tillage. They can also be grown in polycultures and provide conservation benefits while sequestering large amounts of carbon in the soil. In addition, they can provide extended habitat for wildlife and stabilize soil along streams and wetlands [43, 44] . Given these environmental benefits they also have the potential to be grown on restored wetlands and on Conservation Reserve Program lands in the US and provide energy without competing for existing cropland with food crops [45, 46] . Additionally, agricultural residues, forestry wastes and municipal solid wastes for biofuel production can be used to produce biofuels without any indirect land use effects.
These environmental benefits of cellulosic biofuels differ across feedstocks, locations and methods of production. Moreover, some environmental benefits may be obtained at the expense of others. Growing perennial grasses on marginal or degraded land can mitigate the competition for land and reduce the carbon debt associated with biofuels. But this may reduce biodiversity or require large applications of nutrients that negate the favourable energy balance of these biofuels. Monocultures of high-yielding perennial grasses may be grown because they are more economically viable. However, this would reduce biodiversity and associated ecosystem services, quality of nesting cover and composition of bird species that nest there. Christian et al. [47] show that the presence of non-uniformity in the vegetation structure is critical to increase wildlife occupancy. Concerns about wildlife habitat should influence the harvesting patterns for grasses to allow for grasses of various heights and provide habitat for tall and short grass bird species [48] . The use of crop residues for biofuels can also have negative impacts on the soil organic carbon and reduce the yields of crops. Experiments in Nebraska show that removal of even half the maize stover residue with no-till maize production reduces maize yields over time [49] . The removal of maize residues necessitates considerable amounts of fertilizer application to replace the nutrients removed [50] . While this would enable preserving soil fertility, it could have negative implications for nitrate runoff and water quality.
In sum, the environmental benefits of cellulosic biofuels depend on the mix of feedstocks use, the location and management practices used to grow them. There might also be some trade-offs between environmental benefits and most profitable methods of producing cellulosic feedstocks. Policies that reward biofuels based on their environmental performance are needed to induce the adoption of practices that make biofuels environmentally sustainable.
Technological Solutions for Sustainable Biofuel Production
Expansion of grain-based biofuels is unlikely to be sustainable because of its land requirement per unit of fuel under current technology, its potential to create a carbon debt and its negative implications for water quality. The use of crop residues, such as maize stover, as well as growing biofuel feedstocks on abandoned or degraded land would reduce competition for land with food crops; but its potential may be limited. A USDA/USDOE [51] report estimates that sustainably harvested maize stover could meet about 5% of the US gasoline needs currently. Campbell et al. [52] use historical land use and land cover data and global ecosystem modelling to estimate the global potential for bioenergy on abandoned or degraded agricultural land as being less than 8% of current primary energy demand. Thus, we need to explore other technological solutions for sustainable biofuel production. Cellulosic biofuels from dedicated energy crops offer considerable promise for reducing the competition for land and avoiding many of the negative environmental impacts associated with maize-ethanol. However, new technologies are needed to convert cellulosic feedstocks into biofuels and to harvest, store and transport the large quantities of biomass needed to support the cellulosic biofuel industry.
Improved agricultural productivity using diverse science-based research can also improve the sustainability of biofuels by reducing competition for land. Genetically modified traits are in their infancy, yet they have greatly improved yield and reduced pesticide use on staple crops such as maize, soybeans and cotton [53] [54] [55] [56] . Future generations of advanced plant breeding methods are projected to increase yields per acre, improve water and nitrogen use efficiency of food crops and perennial grasses [57] . However, this potential for increased productivity has also to counter environmental trends such as climate change, water shortages and declining soil productivity and meet the needs of a growing population. Technological advances that lead to commercially viable cellulosic biofuels and that improve the productivity of food and fuel crops could improve the social and environmental sustainability of biofuels.
Policies to Achieve Sustainable Biofuel Production
Any biofuel policy should distinguish among biofuels on the basis of sustainability attributes. Biofuels should be judged along several criteria that capture the impact they have on GHG emissions, biodiversity, water and air pollution, and food availability. If GHG mitigation is one of http://www.cababstractsplus.org/cabreviews the motivations for biofuels, then a carbon tax would be the appropriate policy to create incentives for substituting less carbon-intensive biofuels for more carbon-intensive biofuels and for gasoline [58] . If such a tax is implemented by a few countries only then it needs to be levied not only on the direct GHG emissions of the biofuel but also on the leakages or indirect GHG emissions (generated in countries not subject to a carbon tax). A global carbon tax implemented by all countries will avoid the need to estimate indirect effects. In the absence of a global climate change agreement and given the difficulties in estimating indirect land use effects, several European and international initiatives seek to develop sustainability criteria and certification systems to address these concerns [59] , but design and implementation issues are yet to be resolved. Similarly, policies that reward (penalize) cellulosic (maizebased) biofuels for their impacts on soil and water quality would motivate production of cellulosic biofuels.
While environmental-performance-based policies incentivize production of more environmentally friendly fuels, they do not directly support biofuel production. If biofuels do indeed confer benefits in terms of energy security and economic development, then a carbon policy will induce too little biofuel production. The most commonly used policies to support domestic biofuel production are tax credits and import tariffs for biofuels and mandates for quantities to be produced or blended [60] . However, they have some unintended consequences. Khanna et al. [58] show that existing tax credits for maizeethanol in the USA do encourage greater production of maize ethanol and substitution of ethanol for gasoline but they tend to lower the cost of the blended fuel for consumers that encourages more demand for miles, thus, the policy does not lead to any reduction in GHG emissions. Other volumetric tax credits, such as those for cellulosic biofuels in the USA, that do not differentiate across feedstocks reward monocultures of high-yielding biofuels per unit of land and are therefore unlikely to create incentives for maintaining biodiversity. Import tariffs for biofuels in the USA discourage imports of sugarcane ethanol, which are less carbon-intensive than maize ethanol and lower the world market price of ethanol (since the USA is a major buyer in the market). Lasco and Khanna [24] show that the existing biofuel tariff and tax credit policies negate any GHG mitigation benefits of blending ethanol in gasoline.
Biofuel mandates create a certain market for biofuels so that the profit potential of biofuels is not tied directly to market forces in food and energy and provide assurances to investors of demand for biofuels irrespective of market conditions. However, the GHG mitigation benefits of a mandate policy depend on the extent to which they lead to a replacement of gasoline with biofuel, which in turn depends on several factors, such as the supply elasticity of gasoline, the degree of substitutability of ethanol for gasoline and the extent to which mandates cause the price of ethanol to increase [61] . Additionally, mandates tend to shift of resources from food production to fuel production, which in turn may reduce food security [20] .
Tyner and Quear [62] develop an ethanol subsidy that varies inversely with gasoline price and positively with maize price and find that it can reduce the risk to biofuel industry due to volatile maize and gasoline prices as well as the cost of subsidy to the government as compared with that with a fixed subsidy. However, by raising subsidy for ethanol when gasoline prices are low, it would create perverse incentives to increase use of both types of fuel when gasoline prices fall and potentially increase GHG emissions. Hence, such a policy would contribute to economic sustainability of biofuels but not to making them environmentally sustainable.
The ability to mitigate food impacts of biofuels will be critical to their sustainability. Biofuel policies should be flexible and adjust to food market conditions. Governments may find it necessary to restrict the production of biofuel or the quantity of land devoted to biofuel production in order to prevent the crowding out of food crops. 7 While this would create a less certain market for biofuels and have negative repercussions for innovation it would help prevent hunger and minimize the biofuel backlash that accompanied the food crisis of 2008. Economic analysis suggests that state-dependent biofuel policies (for example that tie subsidies and mandates to food inventories) may lead to superior social welfare outcomes (by preventing food crises) than a policy that remains fixed over time [63] . Additionally, biofuel policies should encourage feedstock production on land where they lead to the maximum (minimum) environmental benefits (degradation) and on abandoned/degraded lands that can be brought into biofuel production at least cost. Policies are also needed to encourage public and private investment in biofuel and food production technologies since firms do not capture all the benefits of their investment and therefore will underinvest in R&D [49] . Additionally, there is a need to establish a science-based regulatory environment that is transparent and considers both the risks of a new technology and the risks associated with not utilizing it while designing policies.
Conclusions
The enthusiasm about the potential of biofuels to reduce GHG emissions and address energy security concerns has been tempered recently by the realization of their negative impacts on food prices and the environment. Biofuels, therefore, need to be developed in a manner that recognizes the risks they pose to environmental quality and food security. To this end it is important to establish policies that will create incentives to produce biofuel feedstocks and technologies for converting them that are economically, environmentally and socially sustainable. These policies need to be science-based, they need to encourage investment in research and development that will lead to the introduction of biofuel technologies with a small land and ecological footprint and correct fuel prices so that they include the social costs of their production. Finally, a sound biofuel policy should be integrated within a broader energy policy that encourages other renewable and cost-effective energy sources as well as conservation in the pursuit of sustainable development.
